The aim of this study was to compare alternative designs for implementation of genomic selection to improve maternal traits in pigs, with a conventional breeding scheme and a progeny testing scheme. The comparison was done through stochastic simulation of a pig population. It was assumed that selection was performed based on a trait that could be measured on females after the first litter, with a heritability of 0.1. Genomic selection increased genetic gain and reduced the rate of inbreeding, compared with conventional selection without progeny testing. Progeny testing could also increase genetic gain and decrease the rate of inbreeding, but because of the increased generation interval, the increase in annual genetic gain was only 7%. When genomic selection was applied, genetic gain was increased by 23 to 91%, depending on which and how many animals were genotyped. Genotyping dams in addition to the male selection candidates gave increased accuracy of the genomic breeding values, increased genetic gain, and decreased rate of inbreeding. To genotype 2 or 3 males from each litter, in order to perform within-litter selection, increased genetic gain 8 to 12%, compared with schemes with the same number of genotyped females but only 1 male candidate per litter. Comparing schemes with the same total number of genotyped animals revealed that genotyping more females caused a greater increase in genetic gain than genotyping more males because greater accuracy of selection was more advantageous than increasing the number of male selection candidates. When more than 1 male per litter was genotyped, and thereby included as selection candidates, rate of inbreeding increased because of coselection of full sibs. The conclusion is that genomic selection can increase genetic gain for traits that are measured on females, which includes several traits with economic importance in maternal pig breeds. Genotyping females is essential to obtain a high accuracy of selection.
ABSTRACT:
The aim of this study was to compare alternative designs for implementation of genomic selection to improve maternal traits in pigs, with a conventional breeding scheme and a progeny testing scheme. The comparison was done through stochastic simulation of a pig population. It was assumed that selection was performed based on a trait that could be measured on females after the first litter, with a heritability of 0.1. Genomic selection increased genetic gain and reduced the rate of inbreeding, compared with conventional selection without progeny testing. Progeny testing could also increase genetic gain and decrease the rate of inbreeding, but because of the increased generation interval, the increase in annual genetic gain was only 7%. When genomic selection was applied, genetic gain was increased by 23 to 91%, depending on which and how many animals were genotyped. Genotyping dams in addition to the male selection candidates gave increased accuracy of the genomic breeding values, increased genetic gain, and decreased rate of inbreeding. To genotype 2 or 3 males from each litter, in order to perform within-litter selection, increased genetic gain 8 to 12%, compared with schemes with the same number of genotyped females but only 1 male candidate per litter. Comparing schemes with the same total number of genotyped animals revealed that genotyping more females caused a greater increase in genetic gain than genotyping more males because greater accuracy of selection was more advantageous than increasing the number of male selection candidates. When more than 1 male per litter was genotyped, and thereby included as selection candidates, rate of inbreeding increased because of coselection of full sibs. The conclusion is that genomic selection can increase genetic gain for traits that are measured on females, which includes several traits with economic importance in maternal pig breeds. Genotyping females is essential to obtain a high accuracy of selection.
INTRODUCTION
Pig breeding is usually carried out as a cross-breeding program where selection is performed within pure-bred lines in nucleus herds (Visscher et al., 2000) . Males are preselected shortly after birth to be tested at test stations. The preselection is a between-litter selection for most traits because the individual information about the piglets within a litter is limited. At the test station, information about production traits is obtained before the final selection of boars (Bereskin, 1975) . For traits measurable only on females or after slaughter, there is limited information available, even after testing. In maternal breeds, the breeding goal may contain 50% weight on maternal traits (http://www.norsvin.no), but a traditional pig breeding scheme gives low accuracy of selection for these traits when boars are not progeny tested (Southwood and Kennedy, 1991; Chen et al., 2003; Robinson and Buhr, 2005) . Progeny testing of boars was common in the past (Craft, 1958) and could be used to improve maternal traits. This, however, would cause an increase in generation interval, which could decrease the annual genetic gain (Dickerson and Hazel, 1942 ).
An advantage of genomic selection is that breeding values can be accurately estimated without phenotypic records of the selection candidates (Meuwissen et al., 2001 ). This could result in greater accuracy of selection for maternal traits, without increased generation interval, through increased accuracy of selection. Increasing genetic gain through increased selection intensity or reduced generation interval will increase genetic gain and rate of inbreeding per year simultaneously (Daetwyler et al., 2007) . The aim of this study was to compare designs for implementation of genomic selection to improve maternal traits in pigs with a conventional breeding scheme and a progeny testing scheme. Schemes were compared on achieved genetic gain, accuracy of selection, and rate of inbreeding.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
The comparison of breeding schemes was performed by stochastic simulation of a pig population with population size and structure similar to the Norwegian Landrace (http://www.norsvin.no, accessed January 2011), which is a maternal pig breed. It was assumed that selection was performed for 1 maternal trait only, which should reflect an index of maternal traits such as litter size, litter weight, and other traits measurable on females only. The simulated trait had heritability 0.1 and was measured on females after first litter.
Historical Population
A historical population was simulated according to the Fisher-Wright population model (Fisher, 1930; Wright, 1931) . The population was simulated for 2,000 generations with an effective population size of 200 and random mating to create mutation-drift balance. The genome consisted of 18 pairs of 100 cM chromosomes. Polymorphisms and recombinations were simulated as in Sonesson and Meuwissen (2009) . In the last generation of the historical population, SNP with a minor allele frequency above 0.05, 100 from each chromosome, were randomly selected as QTL. The QTL effects were sampled from a gamma distribution with a shape parameter of 0.4 and a scale parameter of 1.66 ). The QTL effects were assumed to be additive. Among the remaining SNP on each chromosome, the 500 SNP with the greatest minor allele frequency were regarded markers to be used for estimating genomic breeding values. This resulted in a total number of 1,800 QTL and 9,000 SNP markers. From the historical population, random mating was used to create a base generation consisting of 300 females and 150 males. These animals were the foundation of all the selection schemes and served as parents the first 2 rounds of selection before the breeding schemes had produced their own selection candidates. For each replicate, a new historical population was simulated, and markers, QTL, and QTL effects were resampled.
The Conventional Breeding Scheme
The conventional scheme (CONV-BLUP), to which all the other schemes were compared, was based on the selection scheme for Norwegian Landrace, which is a maternal pig breed. Within CONV-BLUP, all selection was based on conventional BLUP breeding values (Henderson, 1984) . Selection was performed twice a year, and an overview of 1 selection round is given in Figure 1 . Each selection round, 600 dams were selected to produce selected litters, from which all new males and females were selected. Within each selected litter, 1 male and 2 female piglets were randomly picked as selection candidates because no individual information to distinguish between full-sibs was available. Litter size of the selected litters was assumed to always be at least 1 male and 2 females, and hence not limit the access of selection candidates. Among the males from the selected litters, 25 were selected as sires, based on their EBV. The male selection candidates would in practice have been performance tested before selection, but this was not included in the simulations because the performance test does not contain any information about the maternal traits, which was the selection criterion in this study. The females from the selected litters entered the population and remained selection candidates until culling. Sires and dams both had their first litter at the second selection round after they were born. Sires were used for 1 selection round, whereas dams remained selection candidates for 3 selection rounds, rounds 2, 3, and 4 after they were born. Twenty-five percent of the females were randomly culled after the first litter, and 25% of the females were culled after the second litter, to reflect culling for other reasons than reduced breeding value. This gave a total population size of 2,775 females. The 600 females in this population with the greatest conventional BLUP breeding values were selected as dams of selected litters each selection round. The sires were mated randomly to 24 dams each to create the next round of selected litters.
The Progeny Testing Breeding Scheme
A scheme that used progeny testing (PROG-BLUP) could be an alternative to CONV-BLUP that does not require genotyping. This was simulated by assuming that boars from selected litters had 40 half-sib progeny with records outside the breeding population. Based on conventional BLUP breeding values after progeny testing, the 25 highest ranking sires were selected. The male generation interval was thereby increased from 2 rounds of selection (CONV-BLUP) to 5 rounds of selection (PROG-BLUP). Females were selected based on conventional BLUP breeding values, as in CONV-BLUP. 
The Genomic Selection Breeding Schemes
Several implementations of genomic selection were tested and compared with CONV-BLUP and PROG-BLUP. These are described in Table 1 . They differed with regard to the number of male selection candidates, the number of genotyped females, and how many and which new animals that could be added to the reference population every selection round. In schemes in which sires were selected based on genomic breeding values (referred to as GEBV schemes), selection of females was across genotyped and ungenotyped females. Genotyped females got GEBV, whereas females without genotypes got conventional BLUP breeding values. How the 2 types of breeding values were rescaled to be comparable is described later. One tested implementation of genomic selection was to keep the CONV breeding scheme design and genotype and estimate genomic breeding values for the boars at the boar station. The fraction of dams that were genotyped to form the reference population was varied. Such schemes were denoted as CONV-GEBV_x schemes, where x refers to the fraction of dams that were genotyped. The dams to be genotyped were selected randomly from the replacement females produced by the selected litters. Schemes in which more than 1 male from each litter was genotyped to facilitate within-litter selection were denoted as WLy-GEBV_x schemes, where y is the number of males genotyped from each litter and x refers to the fraction of dams that are genotyped. The WL schemes should reflect a situation in which the boars were genotyped shortly after birth, and the GEBV were used to preselect the boars, within and across litters, to be tested at the test station. Again, the test station did not contribute any information regarding the maternal traits, so in the simulations, 25 sires were selected directly, from all genotyped males, in a combined within-and between-litter selection. No restriction was used against coselection of full-sibs. The number of selected sires was constant across all schemes, whereas the schemes differed in the number of male selection candidates and in the number of dams genotyped.
Estimation of Breeding Values
The true breeding value (TBV) was calculated for each individual as a sum of the effects of QTL alleles of the individual. Females received a simulated record 2 rounds of selection after they were born, before their offspring became selection candidates. The record (y i ) of individual i was simulated as y TBV e i i i = + , where e i is a random deviate sampled from a normal distribution with variance ( ) σ e 2 chosen to give a heritability of 0.1. Selected sires (in CONV-BLUP and GEBV schemes) or preselected sires (in PROG-BLUP) received a simulated daughter yield deviation (DYD) 5 rounds of selection after they were born, calculated as
where r i is a standard normal random deviate, and 40 is the (effective) number of offspring of the boars. It was assumed that the DYD were unbiased (i.e., that genetic level of the dams and other fixed and random effects could be corrected for when estimating the DYD). The DYD were used to re-estimate SNP effects in the GEBV schemes and to obtain more accurate BLUP breeding values in the BLUP schemes. Conventional breeding values were estimated for all selection candidates within the CONV-BLUP and PROG-BLUP schemes and for ungenotyped females in the GEBV schemes. The model used to estimate the conventional breeding values was y u e
where y i is the phe- The number of genotyped animals is per selection round (6 mo). 2 Breeding scheme: CONV-BLUP = conventional scheme; PROG-BLUP = progeny testing scheme, in which selection is based on BLUP breeding values. CONV-GEBV_x = genomic selection applied for final selection of sires, with x referring to the fraction of dams genotyped; WLy-GEBV_x = multiple males genotyped from each litter, where x refers to the fraction of dams genotyped and y refers to the number of males genotyped per litter.
3 Per round of selection.
notypic record or 2 × DYD i for sows or boars, respectively [factor 2 is because E(2 × DYD i ) equals the breeding value of the boar]; μ is the overall mean, u i is the random effect of animal i, and e i is a random re- In the GEBV schemes, marker effects were estimated based on phenotypic information from genotyped females and progeny of genotyped males, using the BLUP estimation method (Meuwissen et al., 2001 ) with the statistical model , where y i , e i , and μ are as above; X ij is the marker genotype; a j is the random effect of the jth marker, with variance equal to the total genetic variance divided by 9,000 (the total number of SNP markers). The weighing of the y i is the same as described for the CONV-BLUP model. Marker effects were re-estimated every selection round. The reference population used to estimate and re-estimate SNP marker effects consisted of the 450 animals from the base generation, which were assumed to have 40 progeny with 1 record each. In addition, new genotyped animals generated from the breeding scheme were added to the reference population when they got a record (dams) or a DYD (sires).
Genomic breeding values were estimated as a sum of the SNP marker effects. Because we selected across genotyped and ungenotyped females, with genomic and conventional breeding values, respectively, and GEBV are often biased in the sense that the regression of TBV on GEBV is not equal to 1 (Meuwissen et al., 2001) , the genomic breeding values were rescaled so that this regression was equal to 1. This was done using the formula
where GEBV denote genomic EBV, subscript s denotes after scaling; a bar denotes the average; b is the regression of TBV on GEBV [i.e., b = Cov(TBV,GEBV)/ Var(GEBV)]. In practice the TBV are not available for calculating b, but b can also be estimated by cross-validation where records that were masked from the estimation of GEBV are regressed on the GEBV. Although the traditional EBV are expected to be unbiased, their regression was also corrected using the same method,
because b deviated from 1 for individual replicates. The latter ensured that the EBV s and GEBV s were on the same scale. The scaling factors were estimated in the selection candidates from their (G)EBV and TBV. All schemes were run for 20 rounds of selection. Genetic gain, rate of inbreeding, based on pedigree information, and accuracy of selection, measured as the correlation between TBV and the estimated breeding values, for the last 10 rounds of selection were compared. Results from the first 10 rounds of selection were omitted to make sure that a steady stage was reached before reporting results. All results are averaged over 50 replicates.
RESULTS
In the CONV-GEBV schemes, the selection of sires was based on GEBV, whereas dams were selected based on GEBV if they were genotyped or else on conventional BLUP breeding values. The effects of varying the fraction of genotyped dams are shown in Figure  2 . The accuracy of male selection, as a function of the number of genotyped dams, was not linear. The CONV-GEBV_0.5, in which 50% of the dams were genotyped, showed accuracy of the GEBV 47% greater than CONV-GEBV_0, in which no dams were genotyped. The CONV-GEBV_1, in which all dams were genotyped, gave 56% greater accuracy of the genomic breeding values than CONV-GEBV_0. The reported accuracy of selection for females is the average accuracy of all female selection candidates, both genotyped and nongenotyped, within the scheme. An increasing fraction of genotyped females gave a larger reference population and a greater fraction of the females had genomic breeding values. These 2 effects summed up to a linear increase in accuracy of selection of females when more females were genotyped. In all scenarios, females had a greater accuracy of selection than males. The effect of genotyping more dams on genetic gain was always positive (Figure 2c ), but again the increase was not linear. The effect of genotyping more females was greater when the initial number of females was low (Table 2; i.e., followed a similar pattern as the male selection accuracy) because the male selection was the most intense selection, and hence had the largest impact on genetic gain. Rates of inbreeding decreased almost linearly when more dams were genotyped. The CONV-GEBV_0.5 gave a reduction in rate of inbreeding of 17%, whereas CONV-GEBV_1 reduced the rate of inbreeding by 32% relative to CONV-GEBV_0 (Table 2 ). Breeding scheme: CONV-BLUP = conventional scheme; PROG-BLUP = progeny testing scheme; CONVGEBV_x = genomic selection applied for final selection of boars, with x referring to the fraction of females genotyped; WLy-GEBV_x = multiple males genotyped from each litter, where x refers to the fraction of females genotyped and y to the number of males genotyped per litter.
All GEBV schemes showed greater accuracy of breeding values for young males than CONV-BLUP, but less than the progeny tested males in PROG-BLUP (Table 2 ). All the tested implementations of genomic selection therefore increased genetic gain, and reduced the rate of inbreeding, compared with CONV-BLUP. The PROG-BLUP gave the greatest accuracy among all schemes, but the long generation interval caused the genetic gain per round of selection to be only 7% greater than in CONV-BLUP. The rate of inbreeding was very low in PROG-BLUP, 86% less than in CONV-BLUP and 66% less than in CONV-GEBV_1. This was caused by the combination of a long generation interval and high accuracy of breeding values.
As the number of sires every selection round was kept constant at 25 for all the tested schemes, the number of genotyped sires with offspring was constant and the accuracy of the genomic breeding values was only affected by the number of genotyped females. Each WL scheme therefore obtained the same accuracy as the CONV-GEBV scheme with the same number of genotyped females. Figure 3 shows that the accuracy of the breeding values remained stable over time for all schemes.
The WL schemes allowed for within-litter selection of males and for coselection of full sibs from high-performing litters. Comparing WL schemes and CONV-GEBV schemes with the same number of genotyped females showed that evaluating more males from each litter caused an increase in genetic gain of 8% when 2 candidates were evaluated from each litter (WL2-GEBV_0.5 compared with CONV-GEBV_0.5) and 11 to 12% when 3 candidates were evaluated from each litter (WL3-GEBV_0 compared with CONV-GEBV_0 and WL3-GEBV_1 compared with CONV-GEBV_1). The WL3-GEBV schemes had a greater rate of inbreeding than their corresponding CONV-GEBV schemes, indicating that the increased genetic gain is partly caused by a coselection of full-sibs. However, even with 3 selection candidates per litter, the rate of inbreeding was less than in CONV-BLUP. None of the tested WL schemes gave greater genetic gain than CONV-GEBV schemes with the same number of genotyped animals.
DISCUSSION
This study compared 4 different selection strategies to improve maternal traits in pigs. In the CONV-BLUP strategy, selection of males was based on information from older relatives, which gave decreased accuracy of selection. This resulted in decreased genetic gain and high rate of inbreeding, showing that selection for maternal traits was inefficient when performed within a scheme designed to improve traits that can be measured on the selection candidates themselves. In Figure 3 . Accuracy of the male breeding values from selection rounds 10 to 20 for the conventional scheme (CONV-BLUP), the progeny testing scheme (PROG-BLUP), all the tested WL-GEBV schemes, and the CONV-GEBV schemes with the same fraction of genotyped females as the WL-GEBV schemes. CONV-GEBV_x = genomic selection applied for final selection of boars, where x refers to the fraction of females genotyped; WLy-GEBV_x = multiple males genotyped from each litter, where x refers to the fraction of females genotyped and y to the number of males genotyped per litter.
PROG-BLUP, a progeny test was used to obtain highly accurate breeding values for the males. This is a common strategy in species in which maternal traits have a greater weight in the breeding goal, such as sheep and dairy cattle. Despite the considerable increase in accuracy, this scheme was also found to be inefficient, with a small annual genetic gain, due to the long generation interval. To obtain information about relatives other than own progeny would not have the same potential to increase accuracy of selection because it only provides information about the between-family component of the breeding value (Daetwyler et al., 2007) .
Genomic selection was suggested as a tool to increase the accuracy of the breeding values without increasing the generation interval. The CONV-GEBV strategy was based on CONV-BLUP and showed that the estimation of genomic breeding values could improve genetic gain without restructuring the breeding scheme. The WL schemes represented a strategy designed to take advantage of the potential of genomic selection to distinguish between full sibs, by evaluating 2 or 3 male candidates from each litter. There was no restriction against coselection of sibs. The additional genetic gain obtained in the WL schemes, relative to the CONV-GEBV schemes, was partly because the WL schemes utilized all the genetic variance, both between and within litters, and partly because multiple sibs were selected from the highest performing litters. Whereas within-litter selection increases genetic gain without affecting inbreeding, coselection of full-sibs from high-performing litters increases both genetic gain and inbreeding through greater selection intensity. The increased rate of inbreeding in the WL schemes, compared with CONV-GEBV schemes with the same accuracy of selection, showed that some of the increased genetic gain of the WL schemes came from coselection of full-sibs. If the preselection in the WL schemes was performed within litter only, genetic gain would be increased without affecting the rate of inbreeding, but the increase in genetic gain would be less than what was achieved in this study.
All the GEBV schemes showed increased genetic gain and reduced rate of inbreeding, compared with CONV-BLUP, and generally, results were improved as more animals were genotyped. The WL3-GEBV_1 had the greatest total number of animals genotyped and showed the greatest genetic gain, and rate of inbreeding was only slightly greater than with CONV-GEBV_1, which gave the least rate of inbreeding. To define the optimal breeding strategy, schemes with similar costs (i.e., the same number of genotyped animals) should be compared. The CONV-GEBV_1 gave a greater genetic gain and a reduced rate of inbreeding than WL2-GEBV_0.5 and WL3-GEBV_0, and these schemes involved the same number of genotyped animals. The CONV-GEBV_1 increased genetic gain, compared with CONV-GEBV_0, through increased selection accuracy, as opposed to WL schemes, in which genetic gain was increased through introduction of within-litter selection and coselection of full sibs. In this case, it was most beneficial to increase the accuracy of selection, causing CONV-GEBV_1 to be the optimal selection strategy, given 1,800 genotyped animals per round of selection. These results are probably dependent on the achieved accuracy, and under different conditions, for instance assuming a greater number of genotyped animals, it might be beneficial to evaluate more males from each litter. The trait under investigation had a low heritability, which makes it difficult to improve, both through conventional selection and through genomic selection. An increased number of animals with genotypes and phenotypes is required to achieve a high accuracy of selection for such traits. Then, investing in genotyping animals with records is especially beneficial.
Assuming that genotyping 600 animals costs around 1,000,000 Norwegian kroner (NOK), the genotyping costs for the schemes included in Table 2 , would be spanning from 1 to 5 million NOK per round of selection. The cheapest implementation would be to genotype only the boars at the test station (CONV-GEBV_0), whereas the most expensive implementation would be to genotype 3 males per selected litter and the entire population of sows (WL3-GEBV_1), which includes 5 times as many genotypings. Using economic weights from Norsvin's breeding goal, an increase of 1 genetic SD for the maternal traits is worth 142 NOK per slaughter pig produced. For implementation of genomic selection to be profitable, the number of pigs produced per round of selection must be high enough to pay for the additional costs of genotyping. The scheme with the least break-even point was CONV_GEBV_0.3, where the break-even point occurred when 110,000 slaughter pigs were produced per round of selection. For larger populations, it is beneficial to genotype more animals because more expensive schemes will generate greater income after the investment is paid back. If more than 205,000 pigs are produced per round of selection it is beneficial to genotype all the females, and when more than 325,000 pigs are produced it is most profitable to genotype more males per litter as well. Most breeds would have many more slaughter pigs produced than the numbers needed to pay back the investments of genotyping, and hence all the proposed strategies would be profitable, given the economic weights assumed.
A benefit of using stochastic simulation, compared with deterministic modeling, is that no prior assumptions about the accuracy of the GEBV are needed, so schemes with different genotyping costs and thus sizes of the reference population can be compared (Lillehammer et al., 2011) . During selection, the accuracy of genomic breeding values decrease rapidly if SNP effects are not re-estimated (Muir, 2007; Sonesson and Meuwissen, 2009 ). To avoid a decrease in accuracy over time, animals closely related to the selection candidates with both genotypes and phenotypes available must be added to the reference population regularly. This can be accomplished by a breeding scheme in which many genotyped animals get progeny, or by genotyping additional animals, for instance females already selected to get progeny. None of the GEBV schemes tested in this study showed a decrease in accuracy of the GEBV over time (Figure 3) , showing that 25 sires with progeny, which was the minimum number of animals added to the reference population every selection round, were enough for the accuracy to remain stable over time. The linkage disequilibrium between the adjacent markers in this study was, however, greater (r 2 = 0.453) than what has been found in real data for this marker density (Du et al., 2007) , indicating that more markers would be needed to obtain similar accuracies as found here in practical data sets.
When more females are genotyped, the size of the reference population increases and a greater fraction of the females has GEBV. Females have a greater accuracy than males on their GEBV because females had their own performance records. For females, the effect of fraction of females genotyped on accuracy was approximately linear, showing that the accuracy of the genomic breeding GEBV of females was hardly affected by changes in the size of the reference population. This is partly explained by that these females were themselves represented in the reference population, and hence highly related to the reference population. If the selection candidates are highly related to the reference population, the size of the reference population is of less importance. All the female selection candidates had own records and were represented in the reference population if genotyped. In addition, accuracy of female candidates was somewhat increased because they span several age classes, which increases their genetic variance due to between age-class differences that can be accurately predicted.
The rate of inbreeding in CONV-BLUP was fairly high in this study, which can be explained by the use of truncated selection without any restriction on inbreeding (Meuwissen, 1997) . The reduction in rate of inbreeding when genomic selection was introduced was therefore substantial and greater than what would be achieved in practice. To add a restriction on rate of inbreeding in CONV-BLUP could reduce the rate of inbreeding and the genetic gain in this scheme, and hence increase the impact of genomic selection on genetic gain while reducing the impact of genomic selection on rate of inbreeding.
In practice, selection is based on an index, weighing several traits against each other. With conventional selection, maternal traits have low genetic gain because of very limited information about the selection candidates, which gives a low accuracy for the estimated breeding values compared with traits that can be measured directly on the selection candidates before selection. The potential of genomic selection will be less for traits in which the accuracies of conventional breeding values are already increased. The relative increase obtained in this study would therefore not be achieved for a total merit index in which some of the traits already have greater accuracies of the breeding values. Selecting for an index, rather than a single trait, could also reduce the rate of inbreeding by reducing the similarity of breeding values between relatives and result in a decreased impact of genomic selection on rate of inbreeding than what was found in this study. However, the relative ranking of the schemes, in terms of potential to increase genetic gain for maternal traits and reduction of rates of inbreeding, is expected to be similar even when the maternal traits are in competition with other traits in the breeding scheme. In practice, the maternal traits may be even more improved by genomic selection than what is shown in this study, because with traditional selection, maternal traits are given very little weight when merged with more accurate breeding values for production traits. Genomic selection should thus increase both overall genetic gain and the relative genetic gain of maternal traits compared with other traits in the breeding goal. The latter changes the relative gains of the different traits to be more in line with the economic weights in the breeding goal, which results in a more sustainable breeding scheme.
In conclusion, genomic selection has the potential to increase genetic gain for maternal traits and reduce rate of inbreeding through greater accuracy of the breeding values of young males. To utilize this potential, it is essential to genotype females to ensure high accuracy of the breeding values. If more than 1 male is genotyped from each litter, it is possible to do within-litter selection and to select multiple sires from high-performance litters. This strategy increases both genetic gain and inbreeding. When comparing breeding schemes with similar costs, genotyping females gives a greater increase in genetic gain than genotyping more males and should be prioritized when costs limit how many animals can be genotyped.
